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Introduction.-Ever since the days when Crookes investigated the beautiful forms of the glow discharge in a vacuum tube it has been the practice to construct experimental vacuum tubes, X-ray tubes, and valves in such a way that they can readily be pulled apart for examination or alteration, re-evacuating them by a pump to the required degree of low-pressure. Formerly this process of re-evacuation was highly protracted, and for demonstration purposes glass tubes used to be sealed off from the pumps at various pressures, and it was from one of these rather lowpressure Crookes tubes that Rontgen observed the fluorescence which he. finally tracked down to the "X-rays" diverging from the anode. The pressure of gas in tubes emitting X-rays was found to vary with time, causing fluctuations of intensity of the X-rays, and the Crookes osmotic pressure regulator was devised to maintain the gas pressure within narrow limits. This type of X-ray tube was in almost exclusive use until the end of the war, by which time the very high vacuum tube of Coolidge had been developed. In this tube the current originates in the hot tungsten filament and is not dependent on the residual gas pressure as in the older -tube. To avoid poisoning the tungsten, the vacuum must be at least ten to one hundred times better than in the gas tube, but obtaining this high degree of vacuum in the Coolidge tube in 1913 presented no special difficulties because for twenty years the lamp industry had been perfecting the technique of heat treatment of glass and metal components of lamps.
Two years later Gaede and Langmuir made great contributions to the technique of evacuation by the development of the vapour condensation pump. Until that date all pumps had operated on a mechanical basis: a vane or flail or globule of mercury trapped a volume of air and compressed it, forcing it past a non-return valve. That type of pump, whilst admirable at high pressures, had an extremely small speed at low pressures, rendering the final exhaustion of tubes tedious. The new pump, however, used a jet of hot molecules of mercury as the impellent; any gas molecule entering the jet was almost certain to be struck by mercury molecules and given a component of velocity in the direction of motion of the mercury. As it was almost impossible for a gas molecule to travel against the mercury stream without collision, the jet acted as a Maxwell demon. The speeds of these types of pumps of various forms are greatly in excess of anything that can be obtained by mechanical pumps, and moreover they are particularly suitable for use at very low pressures. The operating fluid-mercury-was chosen on account of its low boilingpoint " in vacuo," and from the fact that it readily condensed on a cold surface and could therefore be removed as a liquid from the region around the hot jet.
The condensation pump gave a great impetus to laboratory experimental work, making it possible to evacuate to very low pressures in one-hundredth of the time formerly taken by the mechanical pumps. The lowest pressures were only obtainable by the removal of mercury vapour from the apparatus connected to the pump. In laboratories this was accomplished by the use of liquid air as a refrigerant, in sealed-off glass tubes; great care was taken to evaporate all mercury from the tube by prolonged heating during manufacture, trapping condensible vapours in a liquid-air trap placed between the tube and the pump. The sealed-off glass tubes passed into general use where liquid air was unavailable, though in the academic laboratory the practice of evacuating tubes continuously was maintained for the sake of flexibilitv and economy.
Discovery of the Apiezon1 oils.-In 1928, C. R. Burch2 of the Metropolitan-Vickers Electrical Company started some experiments on the impregnation by oil under vacuum of a number of insulating materials in general use in the electrical engineering industry. During his experiments he found that he was unable to obtain very low pressures, on account of the relatively high vapour pressure of the oil used for impregnation, so he set up a still to separate the light from the heavy fractions of oil. This still was constructed on similar principles to that employed by Professor von Hevesy in the evaporative separation of the mercury isotopes. Briefly it consisted of a condensing surface placed nearer to the surface of the distilland than the mean free path of any of the molecules of the distilland. In a mixture of two liquids of different molecular weights the mean velocities of the molecules are in the inverse ratio of the square root of their molecular weights, so that if all molecules leaving the surface of a mixture of liquids are condensed before they experience collisions with other molecules, the distillate will be ricber in the lighter constituents than is the distilland. This principle of evaporative distillation is particularly suitable for the distillation of molecules of very high molecular weight many of which would suffer decomposition at the higher temperatures required in the other well-known process of fractional distillation which takes place at much higher pressures.
Burch found that from one of the mineral oils commonly used in rotary vacuum pumps, many hitherto unseparated fractions could be obtained with decreasing volatility, one of the residues being an oil of very low vapour pressure at room temperatures yet having a boiling point " in vacuo" below the cracking-point of the oil. This oil he immediately applied to a single-stage metal condensation pump of the type formerly employing mercury, and showed that it was far more suitable than mercury, in that pressures well below the familiar " X-ray vacuums" could be obtained without the use of any cooling reagent. Experiments showed that pressures as low as 10-2 dynes/cm2 could be obtained in valves and X-ray tubes by evacuation without the assistance of a refrigerant, and that the vapour pressure of the oil itself at normal temperatures was of the order of 10i-dynes/cm2. In addition to the low vapour pressure oil, Burch discovered a number of viscous fluids of low pressure suitable for use as sealing compounds for joints in vacuum apparatus, and demonstrated the applicability of the new technique opened up by these materials, by operating a high power three-electrode wireless transmitting valve placed directly on the top of an oil condensation pump, the valve having many joints on it sealed by one of the new sealing compounds. Experimental X-ray tubes and rectifiers were also evacuated by these oil pumps and operated up to 350 kv.
Development of continuously evacuated X-ray tubes.-Clearly, if no refrigerant is needed to condense the vapours of the liquid in the pump, the former objections to the use of continuous evacuation, as applied to X-ray tubes, disappear, and in 1932 the Metropolitan-Vickers Electrical Company began the construction of a tube specially for medical deep X-ray therapy. The sealed-off glass tubes then in use were of frail construction, and were seldom operated at their rated voltage and current, but by reducing the operating Voltage from 200 kv. to 170 kv. in an attempt to increase the useful life of a tube, the intensity of X-radiation falls by some 30%. Thus increased treatment times partially off-set the gain in life of the tube, and experiments with high intensities were almost impossible. It was decided to make the new tube a high-intensity tube, and in order to avoid the risk of damage when operating the tube at rated voltage, the insulating envelope was to be made of porcelain instead of glass, the thickness of the porcelain being chosen to render the tube almost indestructible.
The new tube was designed, on the basis of previous experience, to operate at any current up to 10 ma., and on a steady voltage of 200-250 kv., in order to obtain the minimum effective wave-length of radiation and the maximum possible depth dose for a given voltage. Special attention was given to the acdessibility of the cathode and anticathode of the tube, so that replacements of these could be made in the minimum possible time. The tube was made completely shock-proof, and sufficient lead was placed on the tube to absorb almost completely the X-radiation generated at full output.
The tube is shown diagrammatically in fig. 1 (p. 4) , its essential features being enumerated in the table attached to the figure. To provide the requisite degrees of freedom, the tube was mounted on to a lifting mechanism which could hoist the tube through a vertical distance of 4 to 5 ft., and, in addition, the X-ray beam could rotate in a plane perpendicular to the axis of the tube exactly as advocated by Holfelder and as employed in the Holfelder "cannon." An advantage over the cannon" is that the anticathode is almost at the extreme end of the tube instead of at its mid-point, and the tube therefore need only project from the wall of the treatment room by a distance of about 4 ft. to give the required clearance for the setting-up of patients in any position. The general appearance of the tube mounted in its supports and enclosed in a steel panelled cubicle is shown in fig. 2 .
The tube has three inajor vacuum joints and a few minor joints, sealed by low vapour pressure compounds. The joints consist of flat steel or porcelain surfaces machined and ground to a degree of accuracy hitherto only associated with optical work. Indeed the only test possible for the surfaces is an optical one, depending on interference fringes being formed at the surface during the test. The ground joints are placed in contact and sealed by a grease or bituminous compound, and provided the surfaces are preserved in good condition, these sealing compounds will not flow through the joint under the pressure of the atmosphere. Only one or two joints are normally disturbed, one to remove the anticathode occasionally, and one to remove the cathode. It has been found by experience that the anticathodes last several thousands of hours before the gold target distorts. The target is readily removed by unsoldering one threaded joint. Cathodes are usually replaced every two months if the tube has been in constant use, and for this purpose the central tube, fig. 1 D.D, has to be withdrawn and a new cathode screwed into position. Fig. 3 is a full-scale reproduction of such a cathode, showing the 0-4 mm. tungsten spiral clamped into its holder.
The lead protection on the tube is sufficient to reduce the X-rays which escape when the shutter is closed to an intensity of the order of iO-' r/second at the surface of the tube. This complete protection has been provided to enable two or more tubes to be operated from one generator without having to interrupt treatment by other tubes when the patient in one treatment room is being changed. The X-ray shutter on the tube has been made automatic by the introduction of a Bowden cable and control motor, and is operated by a push button on the control desk. Provided the lead protection between each tube is adequate, each tube may be operated at full voltage and full current with no danger to the operator. A further advantage arising from this is that treatment can be accurately timed: the tubes are operated at the required voltage and current continuously, and the act of opening the X-ray shutter starts a clock recording the time of treatment. This feature is of great importance when administering large intensities.
X-ray output of the tube.-The X-ray output of the tube is larger than has been customary with glass tubes. The reasons for this are to be found in the higher voltage, the smallness of the voltage ripple from the direct current generator, and in the use of a gold target. The minimum focal skin distance fixed by the geometry of the tube is 23 cm. and at this distance and at 250 kv. constant potential, 10 ma. with filtration amounting to 0-85 mm. copper and 1 mm. aluminium, the skin dose with wide fields amounts to 500 r/minute. On the other hand the tube operates steadily at currents of a fraction of a milliampere giving radiation of high penetrating power having a skin intensity of 1 r/minute, so that it is eminently suitable for the protracted-fractional treatment of Coutard. Indeed for this form of treatment the tube is exceptionally well qualified, as it may be operated at high intensity without fear of damage, and the skin intensity reduced to low values by using a 100 cm.
applicator, together with heavy filtration, thus increasing the depth dose by 10 to 15%. So far as the tube is concerned the " cost per patient treated " is independent of the technique of treatment employed, a condition only obtained with continuously evacuated tubes. The gain in intensity with increased voltage is shown for different field sizes in fig. 4 , for a distance from the target of 40 cm. The voltage is very nearly constant, a ripple of a few per cent. at 10 ma. being permitted, but with pulsating voltages the intensities would be from two to three times lower than the values quoted, whilst the percentage depth doses would be smaller than those given in fig. 5 , which relate to a number of different field sizes at a focal-skin-distance of 40 cm., operating the tube at 200 kv. D.C. with a 3% voltage ripple. In this figure the actual skin intensities are also quoted in r/minute/milliampere. The " half-value " thickness of copper for aluminium is 1 6 mm., and at 250 kv. is 1P9 mm., thus testifying to the smoothness of the D.C. supply. Operation of the tubes.-As these tubes are of fairly recent development it is clearly impossible to quote results of operation over very long periods of time though those installed have been used for more hours per annum than is customary, and an integrated operating experience of 12,000 hours has already been accumulated in hospitals, in addition to the research experience gained in the factory. The outstanding feature of this experience has been the absence of breakdown of the more important components of the tube. No porcelain has punctured, no pump has ceased to operate, no target has suffered seriously-though two have begun to leak water vapour after some thousands of hours of life and have been restored in a nominal time-and no tube has been internally damaged by condenser discharge, etc. Owing to inexperienced handling on a few occasions air has been admitted to the tube at incorrect times, and in one case hot oil vapour from the pumps was blown into the tube, necessitating a thorough cleaning of the tube. Even in this latter case, however, it is interesting to note that the tube could be operated at 180-200 kv. immediately after the mistake had been made, and the cleansing process was left to be carried out when a favourable opportunity arose.
The tube has been designed on fairly liberal lines and it is known to operate at over 300 kv. constant potential, and that the water does not boil in the anticathode at 12-1o ma. on full voltage, but tubes have not been tested to destruction. For higher voltages a larger design on the same principles is being constructed, tentatively for 500 kv., and a design equivalent to two of these in cascade has been developed, and the manufacture of such a tube is already well in hand. In all cases the basis of the design is the construction of an indestructible tube operated on steady potential to give the maximum penetrating power and depth dose for a given peak voltage. The speeds of pumping have been increased in these larger tubes in proportion to their volume so that the time of pumping should be about the same as for the 250 kv. tubes. This time is about an hour starting from atmospheric pressure, but normally the time necessary for the diffusion pumps to operate when starting-up the tube daily is only twenty minutes, and voltage can then generally be applied in a few minutes.
To avoid the inaccuracies of timing the start of treatment, an electrically operated shutter has been designed to open and close in half a second. This enables the tube current and voltage to be maintained at a steady value indefinitely and greatly adds to the ease and accuracy of treatment. For the higher voltage tubes this feature should also improve the operation of the tubes themselves, as greater instability is to be expected during the process of raising the voltage on the tube than during the operation at a steady value. This of course applies to sealed-off tubes likewise.
The direct-cuirrent generator.-Reference has already been made to the. reasons for the choice of constant potential on which to operate the tubes to greatest advantage. The general objection to constant potential is that if it were applied to a sealed-off X-ray tube, such a tube would be seriously damaged if the gas pressure in it should rise suddenly. These rises of gas pressure facilitate discharge in the tube and when operated on a steady potential generator the discharge is only limited by the capacity of the condensers in the generator and the resistance in the circuit. A figure of 100 calories would not be excessive for the energy stored in a moderately-powered D.C. generator at 200 kv. and it can well be imagined that even a fraction of this energy concentrated in a gas discharge might cause considerable damage to a tube. With the continuously evacuated tube, however, the danger from a momentary rise in gas pressure is negligible, as the porcelain is indestructible and the rest of the tube is made of steel. Thus no objection can be raised to a steady potential generator, and the radiologist has everything to gain from the shorter mean wave-length of the radiations produced thereby.
The principle of evacuation is also applied to the thermionic rectifiers, two of which are applied in the Greinacher circuit for 250 kv. and 4 in a circuit due to Cockcroft for 500 kv. In each generator the valves are placed one on top of another, directly above a pumping plant which like that of the tubes is made fully automatic. An example of these valves is shown in fig. 6 , for 250 kv. Each valve consists of a cathode, anode, and cylindrical porcelain envelope of adequate thickness to make it indestructible at 250 kv. The cathodes have interchangeable filaments, access to which can be obtained by removing a small port at the side of the valve, and drawing out a special spiral spring on which the filament is mounted. Thus for filament replacements only small vacuum joints have to be broken and the main joints to the porcelain should not require attention except for infrequent cleansing of the valves.
Experiments were made to determine the best shape and spacing of cathode and anode to give a low saturation voltage of the rectifiers. This was necessary in view of the large currents, 20-25 ma. D.C., taken by two tubes operating in parallel on one generator. The design finally selected gives a saturation current of 1 amp. at about 1,500 volts, yet the valve will withstand a reverse peak potential of 300 kv. Occasional troubles have been experienced with the rectifiers when a leak has developed owing to excessive room temperature or to incorrect replacement of a ground joint in the filament assembly. The presence of a high gas pressure in the tube has caused sharp focusing of the current on the anode and subsequent melting of the steel which has then condensed on the porcelain. The rectifiers have however still been capable of operation, and have then been dismantled and cleaned with acid when convenient. Tbe upper limit of voltage on the rectifiers is set by spark-over and there is no objection to raising this by increasing the length of the porcelain. UJp to 400 kv. rectification by one valve seems to be practicable.
The application of continuous evacuation to tubes and rectifiers has been greatly assisted by the introduction of fully automatic control of the pumpi-ng plants. The sequence of starting the pumps is governed by relays and controlled by only one master switch. To assist in fault location, and to give a general pict3ure of the electrical conditions of the X-ray plant an illuminated diagrammati-c indicator has also been developed and is placed on the control desk shown in fig. 7 . This indicates the sequence of operations of pumps, vacuum taps, transformer, rectifiers, condensers, tubes, and shutters. Finally, automatic protective devices have been installed to safeguard the apparatus against failure of the water-supply, overloads, &c.
The regulation of the generator voltage is by auto-transformer and multiple tapping switch, giving 400 increinents of voltage between zero and full voltage. The rating of the transformer and auto-transformer have been made liberal to reduce the difference between the steady voltage available on zero .and on full power output. This is desirable to eliminate violent fluctuations of X-ray intensity with changing load. On some equipments the rating can be so bad that when the current taken by the tube is reduced by say 30%/o, the voltage on the tube increases very considerably causing a big difference in the mean wave-length of the rays and creating an actual increase in the skin intensity. Fig. 8 gives an indication of the difference between the " r " output at 200 kv. as the current varies from 3-10 ma., and the " r " output keeping primary voltage constant and altering only the tube current from 3-10 ma. (dotted curve). From computed that the increase in current caused a drop in voltage (keeping the primary voltage constant) of only 6-7 kv. from 200 kv. Developments of continuously evacuated tubes are now being actively made in other parts of the world, notably America, where several high-voltage tubes are pumped with the Apiezon oils, and operated with varying degrees of success. Details of these were reviewed by Mr. Read at the Annual Conference of the Institute of Radiology, December 1935. Mr. H. M. Parker, for the curves of X-ray intensities. The measurements were taken in the Sheffield Radium Centre, and later extended by Mr. Parker in the Christie Hospital, Manchester. The developments described are the results of the combined efforts of many members of the Research Department of the Metropolitan-Vickers Electrical Company, Limited, Manchester, and I am indebted to Mr. A. P. M. Fleming, C.B.E., Director, for permission to publish this account. I wish further to thank Dr. Frank Ellis, Dr. Ralston Paterson and Dr. J. S. Fulton for the valuable assistance they gave when the design of the tube was originally under consideration.]
